We developed a sticky screen trap to investigate the aerial population of the ambrosia beetle Platypus quercivorus (Murayama). The beetle is believed to be an important vector of an unidentified ambrosia fungus belonging to the genus Raffaelea that causes oak dieback in Japan. The trap was made of a 1-m 2 of polyethylene screen, 2.4 mmϫ2.6 mm mesh size, to obtain light, wide traps that allow air movement through the intercepting surface. An adhesive substance (Kinryusupurei, Maruzen Co. Ltd.) was sprayed on both sides of the polyethylene screen once a week. In 1999, 18 traps were set in the understory of a secondary oak forest in Ishikawa, Japan. Adults of P. quercivorus were captured from 6 July to 22 November. A total of 24,225 beetles was captured by the traps. The average number per trap was 1,345.8 (range, 353-3,408), which was greater than the trap catches in any of the previous studies. Our results showed that this trap was useful for analyzing the seasonal changes in the aerial population of P. quercivorus and its directional movement. On each surface of the traps, the distribution of the trapped adults was aggregative, that is, some parts of the trap had many beetles and others had few or none. Although in a given trap the distribution of beetles on the uphill-facing surface was spatially correlated with that on the downhill-facing surface, the parts of the trap in which the beetles tended to be caught varied widely among traps and among collecting dates. Significantly more P. quercivorus were captured on the downhill-facing surface than on the uphill-facing surface. On the downhill-facing surface of the traps, more adults were caught in the bottom half of the traps than in the top half of the traps, but on the uphill-facing surface, the catches in the bottom half of the traps were not significantly different from the catches in the top half of the traps.
INTRODUCTION
Diebacks of deciduous oaks have been prevalent in the west coastal areas of Japan since the 1980s . Most of the dead trees were attacked by Platypus quercivorus (Murayama) (Hijii et al., 1991; Ito et al., 1993; . According to Koch's principle, inoculation experiments proved that an unidentified fungal species belonging to the genus Raffaelea (Takanori Kubono, personal communication), one of the ambrosia fungi, caused the oak dieback . Because this fungus was frequently found in gallery systems of P. quercivorus and also inside of its mycangia (Ito et al., 1993 Kato et al., 1994; Kinuura, 1995) , P. quercivorus is considered a critical vector of the disease .
Many studies have reported on the number of entry holes on the trunk surface of injured trees and on the number of adults that emerged from brood trees (e.g. Hijii et al., 1991; Sato et al., 1993; Urano et al., 1994; Nakamura et al., 1996; Inoue et al., 1998) . To better understand the dynamics of P. quercivorus infestations, it is necessary to determine the dynamics of its aerial population in a forest stand. Several studies have identified aggregative pheromones, sex pheromones, and volatiles from hosts that attract some scolytid and platypodid species (e.g. Dyer and Safranyik, 1977; Wood, 1982; Jakus, 1998) . Some of these compounds have been synthesized and used for monitoring and control of the beetles (Shore and McLean, 1988; Lam and McLean, 1992; Lindgren and Fraser, 1994; Aukema et al., 2000; Miller et al., 2000) .
However, no chemical attractants have been identified for P. quercivorus. Because no effective equipment to determine the abundance of P. quercivorus adults flying in a stand has been developed, there have been only a few reports on the aerial population of P. quercivorus. Kobayashi (2000) caught P. quercivorus using bolts of several plant species as bait, and Urano et al. (1994) and Kinuura (1995) determined beetle abundance using a non-directional barrier trap with a water basin (Konchu Yuinki, Sankei Chemical Co. Ltd.). These traps used ethanol as an "attractant," although it was later reported (Kobayashi and Hagita, 2000) that P. quercivorus is only weakly attracted to ethanol. Although more than 1,000 entry holes were found on the surface of dead oaks (Hijii et al., 1991) , a relatively smaller number of P. quercivorus was captured by the traps. Urano et al. (1994) caught 19 adults by one trap, and Kinuura (1995) caught 211 adults with six traps (max per trapϭ60). In an unpublished study (Masahide Kobayashi, personal communication) , 1,157 adults were caught with 22 traps (a maximum of 401 beetles in a single trap).
Barrier traps have been effectively used to monitor coleopteran insects (Rice, 1933; Wakeland, 1934; Kinghorn, 1955, 1958; van Huizen, 1977; Boiteau, 2000) . In general, these insects are compact and heavy-bodied, with slow, steady flight and limited ability to change direction quickly in air (e.g. Rüschkamp, 1927) . Barrier traps have also been used for monitoring scolytid and platypodid beetles (Rice, 1933; Kinghorn, 1955, 1958; Madrid et al., 1972) . Chapman and Kinghorn (1958) caught a large number of scolytid beetles with barrier traps (1,142-5,687 individuals per 2-ft 2 traps, or roughly 3,000 to 15,000 beetles m
Ϫ2
) without chemical attractants. Thus, it seemed that barrier traps would be effective for surveys of aerial populations of P. quercivorus.
Because only those insects that came into contact with the barrier traps during their flight were captured, the number of beetles captured by these traps increases with the size of the trap (Heathcote, 1957; Staples and Allington, 1959) . In Japan, wider traps are likely to be broken by strong winds, such as those that occur during typhoons. For this reason the resistance of traps to air currents must be at a minimum. Furthermore, in Japan, most forests are located in mountainous areas with steep slopes. Because it is difficult to carry heavy traps up these steep slopes, it is necessary to make the traps light. The traps should also serve as obstructions to natural flight only without any attractants. With these objectives in mind, a 1-m 2 polyethylene screen was used as the obstructing material so that resistance to air currents would be at a minimum, and insects striking the screen would be caught by an adhesive applied to the screen surfaces.
In this study, the sticky screen traps were set in a forest stand to capture the aerial population of P. quercivorus. The efficiency of the sticky screen trap was determined.
MATERIALS AND METHODS
Study site. Studies were carried out in secondary natural broad-leaf forests in the west of Ishikawa Prefecture. This is where the oak dieback and P. quercivorus were first recorded in Ishikawa Pref. in 1997 (Ishikawa Prefecture, 1998; . speculated that both the infestation of P. quercivorus and the oak dieback started before 1997. A study plot was established in June 1999, which was square-shaped with an area of ca. 0.65 ha. It was located 300-340 m above sea level, where the average slope was 33°. The upper edge of the plot bordered on a paved road. Predominant plant species of the forest canopy were Quercus crispula and Quercus serrata. In 1998, 21.1% of the trees belonging to the family Fagaceae were infested by P. quercivorus.
Sticky screen traps. We used a polyethylene screen (Toricarunetto N-3, Takiron Co. Ltd.), 2.4 mmϫ2.6 mm mesh size, in which the plastic strands were 0.6 mm wide (resulting in hole sizes of 1.8 mmϫ2.0 mm), to make light, wide traps that would allow air movement through the intercepting surface (Fig. 1) . The mesh size was just small enough to prevent passage of P. quercivorus adults. Madrid et al. (1972) used sticky metal screens for trapping ambrosia beetle Platypus flavicornis (F.). However, we adopted a plastic screen as the material for the traps for two reasons: (1) The weight of each trap can be decreased because no supporting frame is necessary for a plastic screen; (2) the trap has better adhesion because the strands are wider than those used by Madrid et al. (1972) and thus can hold more adhesive material. The traps were light, strong, and not strongly influenced by wind, so that they could be made with a large area for intercepting flying insects. Both sides of a 1-m 2 polyethylene screen were coated with an adhesive (Kinryusupurei, Maruzen Co. Ltd.), at a density of approximately 100 g m Ϫ2 per side. The adhesive was sprayed once a week because the stickiness decreased somewhat with time. Wooden sticks (1-cm 2 ϫ120 cm long) were attached to the top and bottom sides of the screen. A trap was suspended by two ropes attached to the ends of the upper stick so that the bottom stick was 0.5 m above ground level. This height was chosen to match the flying height of P. quercivorus adults inside a forest stand Kobayashi and Hagita, 2000) . The lower stick was used as a weight to keep the screen flat (Fig. 2) .
Field survey. In the plot, three lines (I, II, and III) were set up along the gradient of the slope. Each line contained six traps with their flat surfaces parallel to the contour lines in order to analyze the directional movement along the slopes. The distance between traps in each line was ca. 10 m. The traps in each of the three lines (I, II, III) were numbered from the upper edge of the forest to the lower positions (I-1...I-6, II-1...II-6, III-1...III-6). The traps were checked at one-week intervals. We stopped the survey when no P. quercivorus adults were captured by any of the 18 traps for two consecutive weeks. The traps were first set on 30 June 1999 and were checked weekly from 7 July to 4 December 1999. At each collection date, all captured P. quercivorus adults were removed from the traps and brought back to the laboratory. The beetles on the two sides of the trap were collected separately. Fourteen traps were brought back to the laboratory and replaced with new ones because many P. quercivorus were captured (approximately Ͼ500 per one surface) or because the traps were too cluttered with dust and debris of dead organic matter to count beetles in the field. Each of these 14 traps was divided into one hundred 10 cmϫ10 cm partitions. The numbers of females and males were counted in each of the 100 partitions on each of the two surfaces. The distribution patterns of captured beetles were analyzed. No such spatial analysis was made for traps that were not brought back to the laboratory.
Data analysis. The sex ratio of each collection date was tested by a c 2 test to determine whether it significantly differed from 1 : 1. The distribution patterns of captured adults on each side of each of the 14 traps brought back to the laboratory were analyzed using Morishita's index (I d ) calculated from the numbers of individuals captured in each of the 10 cmϫ10 cm squares (Morishita, 1959) . A spatial moving average was calculated for each square on each side by averaging the captures in that square and the surrounding squares (3 for the corner squares, 5 for the edge squares and 8 for the central squares). As for squares that are on the edge, the spatial moving average was calculated by averaging the captures in that square and the surrounding 3-5 squares. For each dataset, the spatial correlation in the number of trap captures between the two surfaces of each trap was determined by a linear regression using these spatial moving averages. Spatial distributions of trapped P. quercivorus were compared between both surfaces of each dataset, among traps of the same collecting date, Sticky Screen Trap for Ambrosia Beetle 29 and among collecting dates of the same trap. The spatial correlation in the number of trap captures was calculated among traps of the same collecting date and among collecting dates of the same trap. Matched pairs analysis of grouped data was applied to compare the number of trap captures between two response columns (top half (TH) vs. bottom half (BH), and uphill-facing surface (US) vs. downhill-facing surface (DS)) using a paired t-test. The difference in the number of trap catches between the US and the DS was used to diagnose directional movement of the aerial population along the gradient of the slopes. For each collection date, the difference in the number of captured adults between the US and the DS of each trap was tested by a c 2 test.
RESULTS
Seasonal changes in the trap captures and sex ratio of trapped P. quercivorus Adults of P. quercivorus were captured from 6 July to 22 November. The total number of P. quercivorus captured by the 18 traps was 24, 225 (meanϭ1, 345.8 per trap, SDϭ822.3, maxϭ3, 408, minϭ353) . The average number of captured adults per trap was 40.5 on 6 July, when the beetles were first captured. The number peaked on 26 July (336 adults/trap) (Fig. 3a) . The sex ratio (number of females/(number of malesϩnumber of females)) of trapped P. quercivorus was 0.517, which significantly biased to females (femaleϭ12,525, maleϭ 11,700, c 2 test, c 2 ϭ14.05, dfϭ1, pϽ0.001) (Fig.  3b) . The sex ratio was significantly biased to males only on 6 July (0.394, maleϭ387, femaleϭ252, c 2 test, c 2 ϭ14.42, dfϭ1, pϽ0.001).
Distribution of trapped P. quercivorus in trap
In most of the 14 traps that were returned to the laboratory, Morishita's index was significantly greater than 1, indicating a clumped distribution of trapped P. quercivorus on each surface (Table 1) . The distribution was spatially correlated between two surfaces of the same dataset (Fig. 4) . The spatial correlation (y) tended to be higher when the number of trap captures (x) was high (Table 1 ) (yϭ0.000864xϩ0.0731, R 2 ϭ0.40, pϭ0.019). However, no common tendency was found among collection dates on the same trap (Fig. 4) . For example, for trap II-1, which was brought back to the laboratory three times, the portion in which many P. quercivorus were captured differed among the three collection dates. Most beetles were caught in the lower and middle portions on 26 July, in the middle portion on 10 August, and in the lower middle portion on 17 August (Fig. 4) . Similarly, the portions of the trap surface where many P. quercivorus were captured differed among traps of the same collecting date: e.g. in the traps that were brought back to the laboratory on 21 July, most beetles were caught in the center of trap III-5, and in the lower middle of traps II-4 and III-1. Correla- tions of the spatial distribution among traps of the same collection date and those among collection dates of the same trap were generally low (Tables 2   and 3) . On the DS, the BH tended to capture more P. quercivorus than the TH. Although no significant (Morishita, 1959) . Fig. 4 . Distribution of the number of Platypus quercivorus adults captured on each surface of trap II-1 on each of the collecting dates when the trap was brought back to the laboratory. difference was found between the BH and the TH when the entire data set (combined catches of the two sides of the screen) was used (matched pairs analysis of grouped data, tϭ0.488, dfϭ34, pϭ 0.6286), the tendency was significantly different between the US and the DS (matched pairs analysis of grouped data, Fϭ5.94, pϭ0.0204) . Thus, the data for the US and the DS were analyzed separately. No significant difference was found in the US (paired t-test, tϭϪ1.19, dfϭ17, pϭ0.251) . However, on the DS, significantly more beetles were captured in the BH than in the TH (paired ttest, tϭ2.45, dfϭ16, pϭ0.0261) .
The total captures of the US and the DS of each trap were compared. Significantly more P. quercivorus were captured on the DS than on the US (paired t-test, tϭ3.26, dfϭ16, pϭ0.0049) (Fig. 5) . For 107 of 227 datasets (excluding traps with 0 captures), the number of captured P. quercivorus was significantly different between the two surfaces (c 2 test, pϽ0.05). Of 107 datasets, 90 had more captures on the DS and 17 had more captures on the US. The latter 17 tended to occur around the period of the peak trap captures and to occur continuously in the same traps (Table 4) .
DISCUSSION
Previous studies reported that aerial populations of P. quercivorus were found for several months 32 K. Esaki et al. 
U: traps that caught significantly more P. quercivorus adults on the uphill-facing surface than the downhill-facing surface (c 2 test, pϽ0.05). D: traps that caught significantly more P. quercivorus adults on the downhill-facing surface than the uphill-facing surface (c 2 test, pϽ0.05).
(July-December) with a peak early in the season (late July) (Sato et al., 1993; Japan Forest Technical Association, 1999) and that the sex ratio tended to be biased toward males early in the season (Japan Forest Technical Association, 1999 ). The present study showed similar results in the seasonal changes in the aerial population of P. quercivorus and its sex ratio, indicating that the beetles caught in the traps used in our survey reflected the real population. Some studies have reported male-biased sex ratios of P. quercivorus adults. These studies examined adults that emerged from brood trees (Sueyoshi, 1990; Japan Forest Technical Association, 1999) and adults that were captured by sticky traps on the trunk surface (Urano, 2000) . Another study reported a sex ratio that was not significantly different from 1 : 1 (Sato et al., 1993) . The present study is the first to report a sex ratio of P. quercivorus biased to females. Because the sex ratio tended to be biased to males in traps near the forest edge (Esaki et al., unpublished) , a difference in flight behavior between the sexes is one possible cause of the biased sex ratios obtained by the traps.
The aerodynamics of the trap are such that air flow towards the center of the trap is deflected towards the periphery. Thus, it is expected that more adults would be caught at the periphery than the center of the traps. However, no such tendency was found in the distribution of captured beetles on the trap surface although the clumped distribution of trapped P. quercivorus on each surface was spatially correlated between the two surfaces of the same dataset. These results suggest that the air currents did not greatly influence the flight activity of insects striking the screen.
Adults of P. quercivorus tended to penetrate the lower portions of trunks (Hijii et al., 1991; Sato et al., 1993) . Many adults were captured in lower positions in the inner part of the forest but in higher positions at the forest edge . In an experiment in which sticky traps were placed on the tree trunk in the range 5-350 cm above ground level on a trunk surface, the highest catches were made at 150 cm above ground level (Kobayashi and Hagita, 2000) . In the present study, on the DS, significantly more adults were caught in the BH than in the TH. This suggests that the position of the traps should be lower than the level in this study in order to capture flying adults more efficiently.
There was a significant difference in the number of captured beetles between the BH and TH in the DS but not in the US. This is probably related to the flight behavior of P. quercivorus adults in relation to light, gravity, and the gradient of the slopes. As has been reported for many scolytid and platypodid beetles (Perttunen, 1958 (Perttunen, , 1959 (Perttunen, , 1960 Henson, 1962; Atkins, 1966; Francia and Graham, 1967; Moeck, 1970) , P. quercivorus (freshly collected adults) were photopositive (Igeta et al., unpublished) . Some scolytid and platypodid beetles have been reported to be geonegative, i.e., they tend to fly up the slope (Francia and Graham, 1967; Choudhury and Kennedy, 1980) . The flying behavior of these beetles was found to be affected by both phototaxis and geotaxis (Francia and Graham, 1967; Choudhury and Kennedy, 1980) . Individuals that were caught on the US of our sticky traps were those moving downward along the slopes. We speculate that beetles did not always fly in a direction parallel to the gradient of the slope: Those flying downward and/or those flying upward may have flown in a direction with a smaller angle than the gradient.
Barrier traps have been used by many authors, but only Wakeland (1934) used them to analyze directional movement. The sticky screen trap developed in the present study was shown to be useful for analyzing directional movement of P. quer- civorus adults. Several types of traps have been used to determine aerial populations of P. quercivorus Urano et al., 1994; Kobayashi and Hagita, 2000; Urano, 2000) . In the present study, the average number of P. quercivorus captured per trap was 1,345 (range, 353-3,408) , which was greater than the trap catches in any of the previous studies. For example, the best catch record of a non-directional barrier trap with a water basin (Sankei Chemical Co. Ltd.) using ethanol as an "attractant" was 52.6 individuals/trap (maxϭ 401) (Masahide Kobayashi, personal communication). We conclude that the sticky screen trap developed in the present study is an effective tool for determining the aerial population of P. quercivorus and its directional movement.
